Introduction
Binding assay is one of the important methods in the fields of clinical, food, and environmental analysis. It is based on the highly specific affinity between a protein and its ligand, such as antibody-antigen, receptor-hormone, and lectin-sugar etc. The binding assay with a convenient detection system has the potential to be a widely acceptable analytical method in various fields of application. Electrochemical binding assays have been studied extensively during the past several decades 1-9 because they are simple, rapid, inexpensive, readily miniaturized and are applicable to optically opaque media. The enzyme-labeled binding assay is monitored by measuring the concentration of the electroactive substrates or products. Therefore, it involves multiple reaction steps which require the addition of substrate and onerous washing/rinsing procedures. On the other hand, the use of an electroactive compound as a label for binding assay is the subject of continued research and development, [10] [11] [12] [13] [14] [15] [16] [17] especially considering the advantages of not requiring any reagents such as substrate for enzyme reaction and being a one-step reaction, i.e. the reaction for target protein. In this method, the protein-ligand interaction can be evaluated solely on the basis of changes in the electrode response of the labeled ligand. This method which is known as the "sequestration electrochemistry" does not require a procedure to separate free labeled ligand molecules from those bound to proteins before any measurements because the signal from the labeled ligand disappears or decreases on binding with a protein. 10 This detection principle has been applied in our most recent work for the assay of cholera toxin. 18 The paramagnetic microbeads have been widely used as a powerful tool for numerous biochemical assays, such as immunoassays [19] [20] [21] [22] [23] [24] [25] [26] and DNA assays, 27,28 because they can be used as a mobile solid phase onto which an binding assay such as an enzyme immunoassay can be assembled. When microbeads are dispersed into a solution, the distance for the reagents to diffuse decreases, resulting in a shorter reaction time. Moreover, magnetic microbeads can accumulate in an externally applied magnetic field from a large volume of sample. This can greatly contribute to eliminating interfering substances. The use of magnetic microbead-based assay with electrochemical detection techniques is an appropriate strategy because it often results in less interference and enables turbid samples to be analyzed. Taking these benefits into account of, we have reviewed the present works in the area of magnetic microbead-based electrochemical immunoassays. 29 In this study, the principle of sequestration electrochemistry was introduced on the magnetic microbead surface and the simultaneous detection for two kinds of protein was demonstrated. Biotin and galactosamine modified electroactivefunctionalized magnetic microbeads were prepared to detect avidin and soybean agglutinin (SBA), respectively ( Fig. 1(A) ). In order to construct the avidin binding electroactive magnetic microbead (ABEMMb) and SBA binding electroactive magnetic microbead (SBEMMb), we selected thionine and ferrocene were selected as the respective electroactive compounds. We have previously reported the voltammetric evaluation of binding between glucose residues and wheat germ agglutinin (WGA) on thionine/glucose-modified magnetic microbeads.
The paramagnetic microbead-based electrochemical binding assay was demonstrated for detecting two kinds of protein simultaneously. The principle of this assay is based on the sequestration electrochemistry. The protein binding electroactive magnetic microbeads which are conjugated with an electroactive compound and a ligand to bind specifically with a target protein were prepared. The avidin-biotin and soybean agglutinin (SBA)-galactosamine were chosen as model protein-ligand systems. The avidin binding electroactive magnetic microbead (ABEMMb) and SBA binding electroactive magnetic microbead (SBEMMb) are constructed by biotin/thionine and galactosamine/ferrocene modified on paramagnetic microbeads. The voltammetric response for these functionalized microbeads was measured by the Nd-Fe-B magnet-incorporating carbon paste rotating disk electrode. The measurements were performed in a microliter droplet using a rotating disk electrode system. Avidin and SBA were simultaneously detected by the decrease in the current responses from the reduction of ABEMMb and SBEMMb that was caused by the binding with target proteins. The limits of detection for avidin and SBA were 4 × 10 -10 and 2 × 10 -10 M, respectively. 
Notes
The mechanism for this assay is illustrated in Fig. 1 (B). In the presence of avidin and SBA, the electrochemical response obtained from ABEMMb and SBEMMb decreases because of the specific binding with avidin and SBA, respectively. Therefore, the multiple proteins assay can be achieved without the addition of any reagents. The voltammetric measurements of the protein binding electroactive magnetic microbeads were performed by the magnet-incorporating carbon paste rotating disk electrode in a micro-droplet.
Experimental
Reagents Avidin from egg white, thionine acetate, D-(+)-galactosamine, lectin from Glycine max (SBA), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimido (EDC), and N-hydroxysucciniimide (NHS) were obtained from Sigma-Aldrich. Dynabeads ® M-270 carboxylic acid (diameter 2.8 μm, 2 × 10 9 beads/ml) and Dynabeads ® M-270 amine (diameter 2.8 μm, (1 -2)× 10 9 beads/ml) were purchased from Invitrogen. Sulfo-NHS-biotin was from Pierce. Atto 520-biotin (520 nm for excitation, 542 nm for emission) was obtained from Fluka. ELISA Synblock was from AbD Serotec (Kidlington, UK). Graphite powder (TSP-1) was from Tokai Carbon Co. Ltd. 1,1′-Ferrocenedicarboxylic acid, NaH2PO4, Na2HPO4, NaN3, Tween-20, N,N-dimethylformamide (DMF) were obtained from Wako Pure Chem. Co. All other reagents were of analytical grade. All chemicals were used as received without any further purification.
Phosphate buffer solution including a high concentration of blocking reagent (PBS-R; 0.044 M NaH2PO4, 0.056 M Na2HPO4, 0.003 M NaN3, 0.5 v/v% Tween-20, 0.5 v/v% ELISA Synblock, pH 7.4) was used for preparing the functionalized electroactive magnetic beads and for rinsing the prepared beads.
Phosphate buffer solution (PBS, 0.044 M NaH2PO4, 0.056 M Na2HPO4, 10 -3 v/v% ELISA Synblock, pH 7.4) was used as a solvent for incubating protein and as a supporting electrolyte for the voltammetric measurements.
Apparatus
All voltammetric measurements were carried out using an electrochemical analyzer Model 620CZ (ALS).
The three-electrode system consisted of a magnet-incorporating carbon paste rotating disk electrode (RDE), a platinum wire auxiliary electrode and an Ag wire reference electrode. A Nd-Fe-B magnet bar (1.9 mm diameter × 2.9 mm length) was buried in a carbon paste electrode (3.0 mm diameter). The carbon paste was prepared by mixing graphite powder and liquid paraffin in 7:3, w/w%.
Preparation of the protein binding electroactive magnetic microbeads
Prior to use, all glassware items were immersed in PBS-R overnight to prevent adsorption of beads on glass surfaces. The beads had been previously washed three times with 400 μL of PBS-R to remove BSA that is present in the beads stock solution. All wash steps were done by holding the beads against the tube wall using an Nd-Fe-B magnet. The avidin binding magnetic microbeads (ABEMMb) and SBA binding magnetic microbeads (SBEMMb) were prepared as follows.
The modification of an electroactive compound was performed by mixing 50 mM of thionine or 1,1′-ferrocenedicarboxylic acid with the magnetic microbeads bearing a carboxylic group or amino group (4 × 10 8 beads, active chemical functionality is 0.9 μmol) in 300 μL of PBS-R including 50 mM EDC and NHS. The number of electroactive compound molecules reacting with the beads is 17 times greater than the number of functional groups on the beads surface. Therefore, it seems that only one reactive functional group in thionine or 1,1′-ferrocenedicarboxylic acid molecule is utilized for modification of the beads surface in this reaction step. The mixtures were then incubated at room temperature for 4 h with gentle stirring. After being washed well with PBS-R to remove unreacted electroactive compounds, the thionine modified beads resuspended in 300 μL PBS-R were reacted with 5 mM sulfo-NHS-biotin at room temperature for 4 h with gentle shaking. Based on the same procedure, galactosamine was conjugated with the ferrocene-modified magnetic microbeads in 300 μL of PBS-R, which included 50 mM EDC and NHS. The prepared protein binding electroactive magnetic microbeads were stored in PBS-R at 4 C.
Procedure of the binding assay
Several concentrations of avidin and SBA were added to 200 μL of PBS which included 1.6 × 10 7 beads of ABEMMb and SBEMMb. After incubating for 30 min at room temperature with gentle shaking, unbound proteins were removed by washing with PBS. The beads were resuspended in PBS for the voltammetric measurements.
The voltammetric measurements were performed in a 50-μL drop of PBS in which are dispersed 4 × 10 6 beads of ABEMMb and SBEMMb. The magnet-incorporating carbon paste rotating disk electrode is lowered into a micro-droplet to sandwich the droplet between the electrode surface and a Parafilm ® . 19, 29 After accumulating the ABEMMb and SBEMMb on the working electrode surface by rotating at 1000 rpm for ca. 10 s, the differential pulse voltammogram was recorded by scanning the potential from the range of 0.5 to -0.5 V (DPV, step E, 1 mV; pulse amplitude, 50 mV; pulse width, 50 ms; pulse period, 200 ms; scan rate, 5 mV/s).
Results and Discussion

Accumulation of the protein binding magnetic microbeads on the magnet-incorporating carbon paste rotating disk electrode
The optimum number of ABEMMb and SBEMMb to accumulate on the magnet-incorporating carbon paste rotating disk electrode surface from a 50-μL of droplet was investigated, as shown in Fig. 2 . The voltammetric measurements were done after rotating the working electrode at 1000 rpm for ca. 10 s to accumulate the beads on the electrode surface by magnetic force. The numbers of ABEMMb and SBEMMb that were included in a droplet are in a ratio of 1:1. If equal amounts of thionine molecules and ferrocene molecules are modified on the magnetic microbeads, the electrochemical response obtained from ABEMMb should be two times higher than that of SBEMMb, if one considers the number of electrons associated with the redox reactions for thionine (n = 2) and ferrocene (n = 1). However, the response from ABEMMb was more than twice higher than SBEMMb. This is due to the high electrode activity against thionine as an electroactive compound for ABEMMb or to a low modification rate of ferrocene on the magnetic microbeads compared with the case of thionine. The current response for reduction of thionine in a bulk solution was ca. 10 times greater than the one of ferrocene at the same measuring condition. This phenomenon could be caused by high adsorptive activity of thionine to the electrode surface. 30 The current response obtained from both ABEMMb and SBEMMb increased with increasing the number of beads that were dispersed in a droplet. This indicates that the protein binding electroactive magnetic microbeads can be accumulated on the electrode surface by magnetic force. The response reached a constant value of more than 4 × 10 6 beads. The upper limit can be defined by the following reasons: 1) the magnetic accumulation by the magnet-incorporating carbon paste rotating disk electrode for the magnetic beads is limited to less than 8 × 10 6 beads, or 2) only fewer than 8 × 10 6 beads are capable of the electrochemical response, i.e., the beads located far from the electrode surface are not responsible for the electrochemical reaction, even if they are accumulated on the electrode surface by magnetic force.
The changes in peak current obtained from the ABEMMb and SBEMMb at different potential sweep rates were measured after accumulation of the beads on the magnet-incorporating carbon paste rotating disk electrode. The peak currents for the protein binding electroactive magnetic microbeads increase linearly with scan rate within the range of 5 and 100 mV/s. Hence, it can be said that the electrode process of the protein binding electroactive magnetic microbeads is controlled by adsorption.
The monitoring for the binding of avidin with ABEMMb by fluorescence microscopy
The binding of avidin with ABEMMb was observed by a fluorescence microscope (IX 71, Olympus Optical Co. Ltd.). Atto 520-biotin was used as a fluorescence label. Figure 3 shows the fluorescence microscopic views of ABEMMb with or without incubation in PBS including avidin. Before the measurements, the beads were exposed with Atto 520-biotin and washed ten times by PBS-R. As can be seen, the beads that reacted with avidin solution can be observed by a fluorescence microscope (Fig. 3(B) ). On the other hand, no fluorescence was noticed from the beads which were not incubated with avidin ( Fig. 3(A) ). Hence, it is clarified that the ABEMMb can bind with avidin.
The multiplexed binding assay for avidin and SBA based on sequestration electrochemistry using the protein binding electroactive magnetic microbeads
The simultaneous detection for avidin and SBA using ABEMMb and SBEMMb was demonstrated. Figure 4 shows the differential pulse voltammograms measured in the PBS droplet which contained 4 × 10 6 beads of ABEMMb and SBEMMb after incubating with several concentrations of avidin and SBA for 30 min to reach the binding equilibrium. The current Fig. 2 The relationship between peak current and number of ABEMMb ( ) and SBEMMb ( ) accumulated on the magnet-incorporating carbon paste rotating disk electrode surface. The measurements were performed by DPV in a 50-μL droplet.
peaks at 290 and -320 mV correspond to the reduction of SBEMMb and ABEMMb, respectively. The current peak at 290 mV is due to ferrocene moiety. 15 The peak at -320 mV might be from thionine moiety. However, it is shifted slightly negatively compared to that in the previous report. 30 The shape for both the peaks remain unchanged in the presence of avidin and SBA, but the peak current decreases significantly with increasing the concentration of avidin and SBA. The reason for decreasing amplitude of the peak current for SBEMMb and ABEMMb reduction is considered to be that the protein bound with the bead sequesters the electroactive compound from electrochemical reaction by burying them in the binding sites. As for the results of the determination of avidin and SBA in the concentration range between 1 × 10 -9 and 1 × 10 -7 M, the limit of detection for avidin and SBA is determined as three times the standard deviation of the control, calculated from the currents are 4 × 10 -10 and 2 × 10 -10 M, respectively. These values are equivalent to 84 fmol of avidin and 40 fmol of SBA.
Conclusions
The multiplexed electrochemical binding assay for two kinds of protein was successfully established. The protein binding electroactive magnetic microbeads can be detected using the Nd-Fe-B magnet-incorporating carbon paste rotating disk electrode. The advantage of the proposed assay is that it does not require the addition of any reagents. The same assay system could be applied to other protein-ligand systems. Simultaneous detection for several proteins using this assay system might also be possible by considering other suitable electroactive compounds to construct the protein binding electroactive magnetic microbeads. Atto 520-biotin (520 nm for excitation, 542 nm for emission) was used as a fluorescence label.
